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Abstract  
 
In the present study, microstructural changes of sintered steel under compressive load are studied by 
a novel method. The aim is to gain further understanding of how the pores and microstructure react to 
different loads, which is of interest for surface densification of PM steels. Images of polished cross-
sections are acquired before and after Brinell-indentation. Distinct features of the before and after 
images are matched using image registration, revealing the microstructural changes underneath the 
surface of the PM steel due to plastic deformation by the indentation. The method is reliable and 
provides accurate measurement of microstructural changes providing data that will broaden the 
understanding of how the microstructure is altered at loads above the yield limit. 

 
1. Introduction 

Components made out of sintered powder metal (PM) steel can be produced to near net shape with 
only a few additional operations, making it an interesting option for part manufacturers searching for a 
production route for high quantity batches with lower energy consumption. The largest field of use for 
PM steels is within the automotive industry. Around 80% of all structural PM steel components are for 
automotive applications. Out of these 80%, three quarters are in transmissions and engines1.  

The most decisive feature of sintered PM steels is the porosity. Due to this, they have historically 
shown too low mechanical properties to be the material of choice for parts in high load applications. 
During the last decades, improvements in production technology, resulting in higher density materials, 
together with improved powder properties have decreased the gap in mechanical properties between 
PM parts and conventionally wrought parts. 

The pores can be seen as defects that act as stress concentrators as well as crack initiation points.3 
The compressive and tensile strength of PM steel is a function of the density of the material and will 
increase with increasing density. Moreover, according to Beiss, both the Young´s modulus and the 
Poisson’s ratio are increased as the density of the PM steel is increased, meaning that higher density 
steels will experience a higher macroscopic contact pressure than low density steel exposed to the 
same load.2 

One attractive way to decrease the detrimental effects of pores and thus increase the mechanical 
properties, and especially the load-bearing capacity of PM steels, is surface densification through gear 
rolling. This method reduces the porosity in the surface region, which is typically subjected to the 
highest stresses during use. All while keeping the benefits of having a porous material at larger depth 
where the stresses are moderate, which results in PM parts with a contact fatigue strength 
comparable to that of wrought steel.4–6 

To further understand how the densification process affects the material, fundamental knowledge on 
how the microstructure reacts to yield is needed. In this article, a novel method is proposed which will 
bring new insights into what happens underneath the surface of PM steels during densification. SEM 
images of a cross-section are acquired before and after compaction to reveal the transformation of the 
pores and the microstructure. Image analysis is used to discern the displacement of the pores before 
and after compaction and a model describing the displacement after loading is then fitted to the data 
from the image analysis. The aim is to better understand and describe of how the pores and the 
microstructure react and change at different loads, which will both be valuable fundamental knowledge 
and a very useful tool when optimising surface densification processes of PM steels. 
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 2. Experimental 

2.1 Materials 

Sintered steel blanks were provided by Höganäs AB. The steel was produced from an iron powder 
pre-alloyed with 1.8%Cr (Astaloy™ CrA) and with an addition of 2.0 % Ni and 0.25-0.3 % C admixed. 
The blanks were compacted to a density of 7.15 g/cm3 and sintered at 1250°C for 45 minutes in a 
90/10 N2/H2 atmosphere, resulting in a microstructure consisting of ferrite and perlite.  

Cuboid samples, dimensions 10x10x5 and reference samples, dimensions 10x10x10 mm were cut out 
from the blanks.  

2.2 Test method 

A schematic view of the setup is seen in  

Figure 1. 1) Cuboid samples were polished and SEM was used to acquire before-images of the 
polished cross-sections of the cuboid pair. 2) The pair was aligned and clamped together with a force 
of about 1000 N. 3) A Brinell hardness instrument with a Si3N4 sphere (Ø 5 mm) was used for 
indentation with a load of 62 or 100 kgf.   
4) After indentation SEM was used to acquire images of the polished cross-sections.  

Indentation on reference samples was made at the centre of the cuboid. 

 

Figure 1. Test procedure, from left to right; the two cuboids are cut out and polished, the two 
cuboids are firmly clamped together in a vice, an indent is made in a Brinell hardness 

instrument, the cuboids are separated for analysis, reference cuboid with indent. 

2.3 Image analysis 

A Matlab program developed by one of the authors was used to analyse the displacement caused by 
loading. The two input images are divided into smaller regions and each region is registered using a 
non-rigid transformation with the before-image as the target and the after-image as the moving image. 
Transforming the after-image to match the before-image proved more robust than the other way 
around, although it is somewhat counter-intuitive. The transformation matrix was then acquired from 
the registration for each region. In parallel to the registration, each region is pre-processed as 
visualized in Figure 2, using the following procedure: 

‐ Binarization by Otsu’s method7 
‐ Opening, where pores smaller than 40 px2 are removed. 
‐ Closing, where islands inside of pores are removed. 

 

Figure 2. The procedure used by the program to separate pixels belonging to the pores from 
pixels belonging to the background. In order from left to right; original image, binary image, 

pixels removed during the opening operation, opened image, pixels removed during the 
closing operation, and final image. 

The centroid coordinates of each pore from the before- and after-image were determined in the 
processed images. Using these, a regional transformation matrix that transfers the centroid positions 
after compression to the positions before compression could be determined. The full transformation 
matrix was then acquired by combining the registrations and matrices for each region. A nearest 
neighbour algorithm was used to further refine the matching, see Figure 3. 
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Figure 3. Visualization of centroid position and displacement after compression to match 
centroid points before compression. Green arrows indicate displacement using the 

transformation matrix and blue arrows indicate displacement also including nearest neighbour 
matching. Blue pores indicate pore position after compression and red pores indicate pore 

position before compression. 

2.4 Modelling 

By having the displacements for individual pores from the image analysis it is possible to construct a 
displacement field for the densified region. The advantage of this is that it’s possible to determine the 
local strain field and densification. 

Using the above procedure, the pore displacements are obtained in a number of discrete points and 
the first challenge is to translate these into a displacement field. The solution suggested here is to 
assign displacements to vectors (u, v) according to: 

 – Eq 1 

 – Eq 2 

The parameters a, b, and so on, are fitted to the experimental data 
through a least-squares fit. The shape of the displacement field was 
selected to take the symmetry line into account, and therefore also 
cylindrical coordinates were selected. In the r-z-plane in Figure 4, 
which corresponds to the polished surface of the block, z is the 
inverse loading direction and r is the distance from the position of first 
contact between the spherical indenter and the steel. The 
displacement, (u, v), is also shown in Error! Reference source not 
found.. Note that points far from the centre of the contact are 
excluded when fitting the model since the area in the central part of 
the contact is the main interest when investigating densification. 

3 Results 

3.1 Validation of test set-up and analysis 

The maximum residual indentation depth of the tested samples and reference samples was measured 
by white light profilometry. The inhomogeneous microstructure of PM steel results in a natural 
distribution of measured depth. The  mean depth of the tested samples is about 5.5 µm shallower than 
those of the reference for 62 kgf, and about 7 µm deeper for 100 kgf,. In this work, one indentation 
represents each load in the displacement model.  

The main microstructural difference after indentation between the clamped cuboid pairs and the 
reference samples after indentation is crack formation, which is found to a greater extent in the 
clamped samples than in the reference. Cracks are always perpendicular to the direction of loading 
and appear to be initiated at pore edges.  

 

Figure 4.  The coordinate 
system and the variables used 
for modelling of displacement 
fields. A displacement, from P 
to P’, corresponds to a 
displacement vector (u, v). Only 
one quadrant is used due to 
symmetry. 
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The heavily deformed material in the centre of the indent influences the accuracy of the results from 
the registration of pores. From 91 % matching in the region closest to the centre it gradually increases 
to about 99 % far from the centre. 

3.2 Pore and Microstructure 

A local increase in density due to pore deformation/collapse is seen for all samples, see Figure 6. The 
effect is greater closer to the surface directly underneath the indent and decreases with increasing 
depth and distance from the centre. A higher load results in a greater depth of pore deformation. 
Material deformation is more pronounced closer to the surface. As for any indentation, the heavily 
deformed surface region also results in residual elastic compressive strain in the deformed material 
underneath. Normally any relaxation is hindered, but in this particular experiment, this compressive 
stress is allowed to be relaxed as the pair is separated. This is clearly seen in Figure 7, where the 
bright region, starting some 50 µm below the deformed surface, has expanded out of the plane, 
coloured red and white instead of the otherwise flat green surface, see Figure 6. 

 

 

    
Figure 6. Profilometry of a cross-section and its elastic relaxation out of the plane after 

compression (left) with the corresponding profile along the dotted line. Sample tested at 100 
kgf. 

3.3 Image analysis 

Image analysis and registration on the materials before and after indentation clearly reveal the pore 
displacement described above, see Error! Reference source not found.. Both general trends and 
local displacements are shown and the deformation depth, here close to 600 micrometer, can be 
seen. Furthermore, the relative pore displacement before and after indentation, which can be 
calculated directly from the data, can be used to determine how the material is densified as a function 
of distance from the surface.  

3.4 Modelling 

Figure 8a and b show the measured displacement field along with the least-squares fit according to 
the parameters in Eq 1 and Eq 2 for loads of 62 and 100 kgf. The corresponding total displacements 
from the estimated field are given in Figure 8c and 9d, which confirm that the deformation is greatest 
at the surface and decreases as a function of radial distance from the centre and that the deformation 
is greater for 100 kgf.  

Figure 5. SEM images of a sample before and after indentation with 100 kgf. Although a comparison allows a general 
impression of the deformation to be gained, it also illustrates the need for a more detailed and quantitative analysis. 
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Figure 7. Pore displacement, here indicated by arrows. 

 

Figure 8. a) and b) Displacement vectors from the model (red) fitted to the measured vectors 
(blue) and input data from image registration for 62 kgf and 100 kgf, respectively. c) and d) 

Pore displacement field in absolute values for 62 kgf and 100 kgf, respectively. 

4 Discussion  

4.1 Test procedure 

This new procedure proved very promising for spatially resolved studies of material displacements of 
pores. There are however some aspects, the impact of which is yet not known, that need to be studied 
further. The reference materials and the clamped samples are deformed to about the same depth. 
However, subtle cracks are found underneath the surface of clamped samples to a greater extent than 
for the reference.  

Moreover, in the present set-up, there is a slight uncertainty when positioning the indent and in case 
the indent is not centred on the interface, the subsequent analysis will suffer from errors. Such an 
error can sometimes be detected by studying the material movement out of the plane in the cross 
sections. Such movement is mostly elastic and an effect of the residual stress, although any gap 
between the samples during clamping could also allow for plastic deformation already during 
indentation. Irrespectively, the deformation out of the plane after separation is small relative to the in-
plane movement, cf. Figure 7, but any deformation should result in a situation where the depth of the 
indent in the tested samples is larger than that in the reference sample where no relaxation takes 
place. This can be used as a quality assessment when deciding if an indent should be counted as 
correct or not. In this study, indents at 62.5 kgf were in general smaller than those in the reference 
material meaning that these values should be used with precaution, cf. Error! Reference source not 
found..   

4.2 Image analysis 

The results from the image analysis indicate that both the accuracy and reproducibility are good. The 
errors from the image analysis are almost exclusively due to the splitting of pores and or total collapse 
of the pore structure after compression, resulting in a situation where fewer or more pores are found 
before compression and thus an error in the pore matching. Since pore location is calculated as the 
“centre of mass” of each pore, a consequential error is that the registered displacement of pores after 
compression is slightly off in some cases. This might affect the model, but since the number of pores 
affected is small, this can be bypassed by looking at the transformed images and removing incorrect 
pairs. Since the image segmentation is based on intensity thresholding, the method is sensitive to 
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contrast differences between the before and after images. Backscatter images with elemental contrast 
were used in this study and the contrast and brightness were tuned before the image analysis. Pores 
with an area less than 40 px2 are in general circular before and after compression and since the shape 
is not unique, keeping them during image registration will negatively contribute to the image 
registration process, resulting in a larger error for the matching of pores.  

4.3 Modelling 

One advantage of fitting a displacement field to the measured discrete displacements is that it further 
averages the discrete displacement measurements. The choice of displacement functions is 
somewhat arbitrary. The present form accounts for the general symmetries in the setup, but more 
work is needed to improve the shape functions. Since the displacements are known, it is also possible 
to calculate the strains, and from that the densification over the cross section. This, however needs 
more work on the assumed shape of the displacement field before it can be implemented. 

5 Conclusions 

A novel test set up and method for comparison of images before and after compression was 
developed and evaluated on non-dense PM steel to reveal the microstructural changes at loads above 
the yield limit. 

▪ Both the experimental procedure and the analysis are reliable, both providing accuracy on 
the detailed displacements and reproducibility between identical tests. 

▪ The method is universal, meaning that it can essentially be used on any material with 
microstructural contrast. 

▪ The data provided by the method enables the design of models that ultimately will allow 
analysis of strains and densification. 
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